In this work, we propose a novel method to fabricate polymer particles with controlled morphology in microchannel by solidification of polymer solutions and study the transition in the shape of these particles from spheres, to cups, and to donuts. The non-spherical geometries are achieved through nonuniform diffusion of the solvent, leading to non-uniform solidification. By adjusting the flow rates of both continuous and dispersed phases, the spatial heterogeneity in the solvent diffusion rate and thus the morphology of the final polymer particles can be tuned. This approach offers a one-step continuous process for the fabrication of non-spherical polymer particles. The technique is applicable to different polymers under appropriate polymer-solvent combinations. The ability to tune the shapes of polymer particles easily will create new opportunities for applications that require anisotropic functional particles, such as in biomedical engineering.
INTRODUCTION
Functionalized polymer particles have found importance in many applications such as biosensors [1] , tissue engineering [2] , and diagnostic assay systems [3] . The availability of more sophisticated morphology of polymer particles like hollow microsphere enables significant advances in controlled release of drugs, pigments or chemical reagents [4] [5] [6] . At present, many techniques have been developed to fabricate polymer particles with a complex structure at the micrometer scale using either top-down [7, 8] or bottom-up strategies [9] [10] [11] [12] [13] [14] [15] . In particular, templating approach is widely used to produce core-shell structures, including hollow spheres of various materials such as silica [16] , polyelectrolytes [17, 18] and polymers [19, 20] . Another approach to generate single-hole hollow polymer microspheres is to induce the concomitant phase separation and symmetrical volume shrinkage of shell materials by either solvent evaporation [21] or cross-linking reaction [22] . However, wide application of these polymer particles has been hampered in part by the lack of a continuous process for producing such particles. Microfluidic emulsification enables the continuous production of monodisperse droplets [23] [24] [25] [26] . By applying monomer solutions as the dispersed phase, polymer particles have been generated by crosslinking of the monomer droplets [11, 27, 28] . An alternative approach for forming polymer particles is to solidify droplets of polymer solutions by solvent diffusion and evaporation. Interestingly, by solidifying these droplets in a straight microchannel, toroidal polymer particles are formed [29, 30] .
Experimental Section
Chemicals The continuous phase used in the experiments includes poly(dimethylsiloxane) oil (PDMS) (Sigma-Aldrich) with a viscosity of 1 cSt, containing 2 %wt Dow Corning 749 fluid (Dow Corning) as a surfactant; and the solvent used to dissolve polymers in the experiments was N,N-dimethylformamide(DMF) (Sigma-Aldrich) with purity above 99.8%(wt). Poly(ether sulfone)(PES) (Solvay advanced polymers, Mn 18600), and PMMA(Aldrich, Mn 120000) was dissolved in DMF to prepare the polymer solutions, which was used as the dispersed phase of the emulsions. Ferrofluid (EMG 708, Ferrotec) was added to the PMMA solution to prepare magnetic particles. Apparatus and procedure The injection tube of the microcapillary device was fabricated from a cylindrical capillary with an outer diameter of 1 mm; the tapered shape was prepared by pulling the capillary at 460℃ using a micropipet puller (Sutter instrument, Model P-97) to achieve a tip diameter of 15μm. The collection tube has an inner diameter of 200 μm and an outer diameter of 1 mm. Both the injection tube and the collection tube were inserted into a square capillary with an inner diameter of 1.05 mm (Atlantic International Technologies) for alignment. A transparent epoxy resin was used to seal the tubes where required. Polymer solution was introduced into the device through the tapered end of the injection tube; droplets of the polymer solution formed at the tip of the capillary orifice. The continuous phase was introduced through the gap between the outer square tube and the inner injection tube, and then flowed into the collection tube in a co-flow manner. Solutions were supplied to the microcapillary device through polyethylene tubing (Scientific Commodities) connected to syringes (Hamilton Gastight). Both fluids were driven by syringe pumps (Harvard Apparatus, PHD 2000 series) with positive displacement. The drop formation was imaged with a highspeed camera (Vision Research) attached to a microscope.
Results and Discussion
In this paper, we utilize the approach of removal of solvents from droplets of polymer solutions to fabricate polymer particles with controlled size and shape, and elucidate the structural transition from spheres, cups to donuts during the solidification. This microfluidics-based method enables particles to be continuous generated and achieves high throughput. Microcapillary device provides a simple way to control the flow of the continuous and dispersed phases in microchannel [23] [24] [25] [26] . Polymer solution droplets in this process are highly monodisperse, leading to a uniform particle size distribution after droplet solidification.
A glass microcapillary device is used to generate the droplet templates;the dispersed phase of polymer solutions form droplets at the tip of the injection tube when injected to the surrounding immiscible continuous phase, as shown schematically in Figure 1 . The rate at which the polymer solution droplets are formed varies with the flow rates of the continuous and the dispersed phases; this affects the residence time of droplets at the orifice of injection tube. Poly(dimethylsiloxane) oil (PDMS) is used as the continuous phase while poly(ether sulfone) (PES) dissolved in N,Ndimethylformamide(DMF) forms the dispersed phase. Diffusion of DMF from the droplets to PDMS oil starts immediately once a droplet is ejected from the tip of injection tube and comes into contact with the continuous phase of PDMS oil. Such diffusion continues while the droplets remain inside the microchannel. The removal of DMF from the droplets leads to an increasing polymer concentration inside the droplet. Polymer starts to solidify when local concentration of polymer in the droplet rises above a thermodynamic critical value. The size and morphology of the resulting polymer particles can be tuned by adjusting the conditions under which solidification of droplets takes place.
To understand the transition of particle shape, we systematically vary the flow rates of both continuous and dispersed phases, and analyze the shapes of the particles for each set of flow rates. While the shape of the final particles varies mainly with the flow rate of the continuous phase, the frequency at which particles are generated depends mostly on the flow rate of the dispersed phase. As the flow rate of the continuous phase increases while fixing the flow rate of the dispersed phase, particle structure changes from a sphere (Fig.  1b) , to a dimpled sphere (Fig. 1c) , to a structure with a hole on one side, which we call a cup (Fig. 1d ), and to a structure with 2 holes, which we call a donut (Fig. 1e ). These particles solidify as a result of the solvent diffusion from the droplets of polymer solution in microchannel. The capability to generate monodisperse droplets due to the controlled flow in microfluidic devices enhances the size uniformity of the final particles. Particle size becomes polydisperse when the outer flow rate increases over a critical point, in which satellite droplets are generated in an unpredicted manner. The satellite droplets form small particles, which make up about 15% of the total particles. A polydisperse population of particles can also be produced if the flow rate of the continuous phase is increased further so that the dispersed phase starts to form a jet, which eventually breaks up into polydisperse droplets, resulting in polydisperse particles shown in Figure 3g & h. During the breakup of the jet, satellite droplets can also be generated, further increasing the polydispersity of the resultant particles. Schematic of a microchannel device; Scanning electron micrographs of particles formed at a continuous flow rate, Q out , of b) 1000 l/hr; c) Q out =2500 l/hr; d) Q out =5000 l/hr; and e) Q out =10000 l/hr. The particle shape changes from a sphere (b), to a dimpled sphere (c), to a half-open structure with a hole on one side, or cups (Fig. 1d) , and to an open structure with 2 holes, or donuts (Fig. 1e) . Scale bar is 10 m in all images.
The change in the morphology of the polymer particles is a consequence of a specific mass transport profile during droplet solidification. In the process of generating a droplet at the tip of injection tube, there are three main forces exerted on the droplets, including viscous shear stress from continuous phase flow, surface tension at the interface, and inertial force of the dispersed phase flow. The droplet formation rate and residence time of the droplets at the orifice are dictated by the balance of these forces. For a given flow rate of the dispersed phase, a low flow rate of the continuous phase results in a relatively long residence time for the droplet to remain at the tip of the injection capillary; thus each droplet contains a larger volume of the dispersed phase, leading to larger droplets. As the solvent, DMF, is removed from the droplets, the polymer solution starts to solidify and eventually forms spherical particles. There is no anisotropy in the shape of the final particles because it takes a long time for all the solvents in the large droplets to be completely removed. This allows sufficient time for the polymer concentration inside the droplets to equilibrate before solidification. With an increasing flow rate of continuous phase, the residence time for the droplets to remain at the tip of the capillary decreases and smaller droplets of polymer solution are generated. While the droplet is attached, the continuous phase continuously extracts solvents from the growing droplets. Therefore, solidification starts at the front side of the droplet in which polymer solution reaches critical concentration for phase separation. Following this step, polymer molecules in the droplet move towards the solidified part, and a hole is generated at the site where the droplet originally is connected to the capillary, thus resulting in half-open particles. Using a higher continuous phase flow rate, residence time of the droplet attached to the tip of the capillary decreases further. The droplets get detached quickly and solvent diffusion takes place predominantly in the microchannel under a laminar parabolic Figure 3 : Scanning electron micrographs (SEM) and size distributions of polymer particles from polymer solution with PES concentration of 10 wt% at a fixed dispersed phase flow rate, Q inner , of 30 l/hr, while the continuous phase flow rate, Q out , is varied. The flow rates used for the above samples are: a, b) Q out =1000 l/hr; Spherical particle; c, d) Q out =5000 l/hr; cups; e, f) Q out =10000 l/hr; donuts; g, h) Q out =12500 l/hr; polydisperse donut particle. Scale bar is 50 m in all images.
flow field. Under such flow, continuous phase at the front and the rear of the droplet in the axial direction moves at the same velocity as the droplet, leading to poor solvent diffusion. On the other hand, the continuous phase continuously removes solvent around the circumferential region of the droplets. We speculate that polymer that occupies the middle space of the droplet moves radially to open up the opening; this is followed by solidification of the migrated polymer. Therefore, solidification occurs in a spatially non-uniform fashion, resulting in a donutlike structured polymer particles. [30] All particles fabricated by the above mechanism are monodisperse in size, as shown in Figure 3e and f; this is attributed to the high degree of control over the flow rate in the microchannel device. However, polydisperse particles are obtained as the flow rate of the continuous phase increases further and satellite droplets are generated. Both the main droplets and the satellite droplets form toroidal particle after solidification; the resultant particles show a non-uniform particle size distribution as shown in Figure 3 (h). Figure 4 : Fabrication of magnetic poly(methyl methacrylate) (PMMA) particle using solidfication of polymer solution in a capillary microfluidic device. The PMMA concentration used for forming the above particles is 10%(wt) and droplets are generated at fixed dispersed phase flow rate, Q inner , of 30l/hr, while the continuous phase flow rate, Q out , is varied. The flow rates used are: a) Q out =7500l/hr; b) Q out =5000l/hr; c) Q out =1000l/hr. The inset images show the structural change from donut-like particles to spherical particles with increasing droplet size. The scale bar is 50 m in all of the above images. Our approach for controlling particle morphology has also been applied to fabricate magnetic polymer particles, by adding ferrofluid nanoparticles into polymer solution. The structure of the PMMA particles evolves from donut-like, to a mixture of donuts and spheres, to spheres only with a decrease in the flow rate of the continuous phase while keeping the flow rate of the dispersed phase constant, as demonstrated in Fig. 4 . Similar to the PES system, we observe similar mechanisms for droplet growth, break-off and removal of solvent in the microchannel for the PMMA solution with ferrofluid nanoparticles. To demonstrate the magnetic properties of the particles, we subject a b c the final particles to an external magnetic field, under which particles aligned themselves in the same direction, as shown in Fig. 5 .
In summary, we propose a novel approach to fabricate polymer particles with controlled morphology in microchannel by solidification of polymer solution and study the transition in the shape of these particles from spheres, cups to donuts. The non-spherical geometries are achieved through non-uniform diffusion of the solvent, leading to non-uniform solidification. By adjusting the flow rates of both continuous and dispersed phases, the spatial heterogeneity in the solvent diffusion rate and thus the morphology of the final polymer particles can be tuned. This approach provides a one-step continuous process for the fabrication of non-spherical polymer particles. The technique is applicable to different polymers under appropriate polymer-solvent combinations. 
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